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Biological Computation

nformation processing within
IVing organisms
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to construct novel systems X ,
Progr:;mmable Computer

— DNA Computing: engineer chemical

Medical Treatment
reaction networks directly from DNA

“Algae’s second try”, Science, 2011
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Computational Modelling

Integrate experimental observations and biological
insight into formal representations

Make predictions that can be tested
experimentally

Guide the engineering of biological systems
Challenges

— Fragmentation of modelling approaches and formalisms

— Realistic models are hard to analyse
— Simulation is often the main analysis strategy



Formal Methods in Biology

Model checkin 8 [Chabrier & Fages, 2003; survey in Carrillo et al. 2012]

Probabilistic model checking
[Kwiatowska et al., 2008; Lakin et al., 2012]

Answer set programming [Gebser 2008]
Constraint programming [pevioo et al. 2003]
Formal synthesis (corblin et al., 2012; Ray et al. 2010]
BDD-based (carg et al. 2007]

SAT'baSEd [Dubrova & Teslenko, 2011; Tiwari et al. 2007, Fagerberger et
al. 2012]



SMT-based Analysis

Expressive: captures various modelling formalisms and
analysis questions

— Design constraints
— Structural properties
— Functional properties

Scalable: handles models of practical interest

— Largest available DNA designs, millions of circuits with
hundreds of species each, running in parallel

Extensible: additional formalisms and procedures can
be integrated

— Currently: (quantified) bit-vectors, integers

— Future: reals, probabilistic SMT, etc.



Synthetic Biology

Gene Regulation Networks O—C<_ 7+
— Various modelling approaches [de jong, 2002] /< 437
— Boolean Network Model [Kauffman, 1969] .

Synthetic gene networks
[Gardner et al., 2000; Elowitz & Leibler, 2000]

Genetic Parts [knight, 2003]

DNA assembly [Gibson et al., 2009] r
Computer-aided design o O O

[Pedersen & Phillips, 2009; Beal et al. 2012]

From modules to SYStemS [Purnick & Weiss, 2009]
— Crosstalk in chemical “wires” [ramsir et al., 2011; Moon et al. 2012]

Dynamic behaviour requirements [Huynh et al. 2012]

Murine embryonic stem cell pluripotency network,
work with S-J. Dunn and G. Martello




Visual GEC

* Given a Visual GEC program, select a set of
DNA “parts” to implement the design
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Device Encoding

* Device dynamics are captured using
synchronous Boolean update rules

* Bit vector state encoding

Device Transition system encoding

Lacl Lacl, TetR [« .
TetR* =— Lacl . <

Lacl
d = (I4,Sa, Fy) </
fi:Qa— B Ta(q,q') & (/\ q(s) = f&(fﬂ)

Fi={f;| s € Sa} Ta = (Qa, Qdo.Ta)



Device Library Encoding

 Composition of device transition systems

r g ,
ara oll ara Cl d D = (]0 ..... d, }

1> 1» ;b 3 { ' n -

—1{ NRI NRI H Lacl ] 8 = Uaep(la Y Sa)

NRI’ = ara NRI’=araVv—Cl; Lacl’=arav —.Cl J]CS8S OCS

d ,

NRIj 1 NR|jTetR1 d, Vg € Q, (( /\ ﬂD(d)) — —Iq(S)>

pr— |—> seS\I de D,
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Additional Constraints

Constraints

Description

Nees Naaep, aza ~(D(d) AD(d'))

To prevent cross-talk, two devices producing
the same species are never selected at the
same time.

/\sel Vde Dg D(d)

All species specified as input serve as inputs
to a selected device.

Nseo Vaep- D(d)

All species specified as output are produced
by a selected device.

Nacp (D(d) — /\sesd\o Vaen, D(d')) To prevent the production of species that do

not serve any function, all species produced
by a selected device are outputs of the circuit
or serve as input to another selected device.

Naep (D(d) = Nsersa Vareps D(d’))

All species serving as inputs to a selected de-
vice are inputs of the circuit or are produced
by another selected device in order to ensure
that all device inputs are part of the system.

ara

171

=—1_NRI

NRI Lacl
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Desired Properties

 The system is influenced by certain chemical
inputs and produces specific chemical outputs

* Specific dynamical behaviour is achieved

— oscillations vs. stabilization

K R =
Ni—; ¢i(ara) = go(ara)

argl 1eR AK ¢l (ara) = ¢} (ara) & (a different, constant input

signal is applied in each case)

« - . ) I « - .
The output oscillates for qo(ara) # go(ara)
one value of the input and
stabilizes for the other. 9k-1 =4k (in the first case, the circuit stabilizes)

K-—1, K—1 . .
Vieo (¢ = ax ANV =i 4;(2fp) # qi(gfp))

(in the second case, the circuit oscillates)



ldentified Designs
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DNA Computing

Hamiltonian path problem jadieman, 1994
DNA Origami [rothemund, 2006; Lin et al., 2006]

DNA Strand Displacement (DSD) jzhang, 2011]
— Arbitra ry CRNs [Soloveichik et al. 2011]
— Turing-powerful computation [Lakin & Philiips, 2011]
— Large-scale DSD circuits [aian & winfree, 2011]
— DSD Calculus [phitiips & cardelli, 2009]
— Visual DSD tool [Lakin et al., 2011]

— Square Root Circuit aian & winfree, 2011;Chandran et al., 2011]

DSD Analysis N
— Equivalence of CRNS [pong, 2012; shin, 2012] o,
e e : ,
— Probabilistic model checking riakin et al,, 2012 %,
L2

TATTCC CCCAAAACAAAACAAAACAA  CCCTTTTCTAAACTAAACAA

ATAAGG GGGTTTTGTTITIGTTTTIGIT  GGGAAAAGATTTGATTTGTT CGAT
— c—



DNA Strand Displacement

* Chemical reactions between DNA species
* Complementarity of short/long DNA domains

 Example: DSD Logic Gate [Output = Inputl AND Input2]

Input 1 Input 2

—_—

TATTCC CCCAAAACAAAACAAAACAA CCCTTTTCTAAACTAAACAA GCTA

Output

CCCAAAACAAAACAAAACAA  CCCTTTTCTAAACTAAACAA
ATAAGG GGGTTTTGTTTIGTTTITGTT GGGAAAAGATTTGATTTGTT CGAT

—_—

Substrate
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DNA Strand Displacement

* Chemical reactions between DNA species
* Complementarity of short/long DNA domains

 Example: DSD Logic Gate [Output = Inputl AND Input2]

Input 2

—_—

éﬁh CCCTTTTCTAAACTAAACAA GCTA

&

&
Input 1 dﬁgy Output
C

TATTCC CCCAAAACAAAACAAAACAA CCCTTTTCTAAACTAAACAA
ATAAGG GGGTTTTGTTTTIGTTTIGTT GGGAAAAGATTTGATTTGTT CGAT

—_—

Substrate
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DNA Strand Displacement

* Chemical reactions between DNA species
* Complementarity of short/long DNA domains

 Example: DSD Logic Gate [Output = Inputl AND Input2]

Input 2
¢ —
Oqzq CCCTTTTCTAAACTAAACAA GCTA
s

“%O

Input 1 “Z‘&z? Output
Sy

TATTCC CCCAAAACAAAACAAAACAA CCCTTTTCTAAACTAAACAA

ATAAGG GGGTTTTGTTTTGTTTTIGTT GGGAAAAGATTTGATTTGTT CGAT
——

Substrate
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DNA Strand Displacement

* Chemical reactions between DNA species
* Complementarity of short/long DNA domains

 Example: DSD Logic Gate [Output = Inputl AND Input2]

('\
OC‘ Q\C

Input 1 %? Output % Input2
>

—_—a

TATTCC CCCAAAACAAAACAAAACAA CCCTTTTCTAAACTAAACAA GCTA
ATAAGG GGGTTTTGTTTTIGTTTIGTT GGGAAAAGATTTGATTTGTT CGAT

—

Substrate

17



DNA Strand Displacement

* Chemical reactions between DNA species
* Complementarity of short/long DNA domains

 Example: DSD Logic Gate [Output = Inputl AND Input2]

Output

CCCAAAACAAAACAAAACAA  CCCTTTTCTAAACTAAACAA

Input 1 Input 2

—_—
TATTCC CCCAAAACAAAACAAAACAA CCCTTTTCTAAACTAAACAA GCTA

ATAAGG GGGTTTTGTTTTGTTTTGTI GGGAAAAGATTTGATTTGTT CGAT
g —

Substrate
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Domain abstraction

TATTCC CCCAAAACAAAACAAAACAA

—_—
CCCTTTTCTAAACTAAACAA GCTA

CCCAAAACAAAACAAAACAA  CCCTTTTCTAAACTAAACAA
ATAAGG GGGTTTTGTTTTIGTTTTIGTT  GGGAAAAGATTTGATTTGTT CGAT

—

3*

4*

1-->(5') TATTCC (3')

4 --> (5') GCTA (3)

2 --> (5') CCCAAAACAAAACAAAACAA (3')
3 --> (5') CCCTTTTCTAAACTAAACAA (3')

19



DSD Reactions
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Currently, reaction rates are abstracted.
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Visual DSD

Given a Visual DSD program, compute the set

of all possible species and reactions
L Visual DSD - lepton-esearch microsoft com B

Examples: | v | | Compile | | Simulate | | Analyse | ause Compilation: | Default v | Options: | v | License || Update ||
Simulation: |_Deterministic v | View: [ v

Code DNA Input Compilation | Simulation Analysis

‘AIE"E' ‘ﬁli| ‘i'ﬁlgli‘ \ilg‘ . Species Reactions Graph Text Domains SBML

directive sample 1000.0 1000 +
directive plot <1™ 2>; <3 4">;

(#) Pan () Zoom (_) Layout Zoom {_| 81| % \F_it| | Layout |

|_| Horizontal | | Aspect Ratic |_| Group Initial Nodes
def N1 = 100
def N2 = 100
def N = 1000
def Inputl() = <1* 2>
def Input2() = <3 4™

def AND() = {17%}[2 3]{4"*}

( N1I*Inputl()
| N2*Input2()
| N*AND()

)

< | J >
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Phillips & Cardelli, 2009
Lakin et al., 2011



DSD Transition System




DSD Transition System




DSD Transition System

A




DSD Transition System
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Realistic Models

* Large numbers of molecules from each
species

* Large numbers of parallel interactions

Reaction graph for five DSD transducer circuits in series



SMT Encoding
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Lakin et al., 2011

DSD Transducer Circuits

Input —> T, [~ Output

28



.2 a

— —1
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Lakin et al., 2011

t
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Transducer Error States

Input —>

good(q) <

/\ —enabled(r,

reR

bad(q) < /\ —enabled(r, q) N

r

M
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— Qutput
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Lakin et al., 2011

Transducer Error States

Input —>
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T, [ Output

bad(q) < /\ —enabled(r, q) N v
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Flawed Transducer Design
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Corrected Transducer Design
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Identification of computation traces

reaching a “good” state in up to 100 steps.
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Conservation of Strands

12
v
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Corrected Transducer Design

0.8 | | I
0.7 —
0.6 —
0.5 —
0.4 T —
0.3 -
0.2 —
0.1 | v -

Time [sec]

1 10 100 1000

Number of copies

BitVec* +  Int X

Verification of multiple copies of a circuit
with 10 corrected transducers in series.
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Square Root Circuit Analysis
(Recent progress beyond NFM’13 proceedings)
Allowed multi-reaction steps

Strengthened the strand conservation
constraints

Encoded functional properties

Analysed one of the most complex designs
constructed experimentally with millions of
copies of the circuit operating in parallel

Yordanov, Wintersteiger, Hamadi, Phillips, Kugler, 2013



Summary

* Analysis methods complementary to
simulation can help in understanding and
programming biological systems

 SMT-based methods enable an expressive,
scalable and extensible analysis framework
* Challenges

— Biological complexity, parallel interactions,
nondeterminism

— Few realistic benchmarks are available



DSD

Exposing Biology to the Formal

Methods Community

Blocharts

GEC

Varna

Biological Modelling Engine

/Z3-4Bio +

SMTLIB
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>

‘Research

z34b10

at's going on in this biological model?
1 directive plot A,GateA,GateAB,D

2 //SPECIFICATION

3 cycle(#path,6);

4 let $mass := {A + GateA + GateAB = 5};
5 #path |= $mass;

6 #path[6] |= (D=0);

7 //MODEL: CRN

8 Gate + A <-> GateA

9 Gate + B <-> GateB

10 GateA + B -> GateAB + C(e)

11 GateB + A -> GateAB + C(e)

12 //MODEL: BN

13 D' = C(e)>5

14 E' =D and E

15 F' =

/

'\ [@0. ¢6). A2, Gate
Cle) C caters a

A:1, GateAB:2, D:0

http://rise4fun.com/z34biology
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